The exceptionally preserved eyes of an Eocene dolichopodid fly contained in Baltic amber show remarkable detail, including features at micrometre and submicrometre levels. Based on this material, we establish that it is likely that the neural superposition compound eye existed as far back as 45 Ma. The ommatidia have an open rhabdom with a trapezoidal arrangement of seven rhabdomeres. Such a structure is uniquely characteristic of the neural superposition compound eye of present-day flies. Optical analysis reveals that the fossil eyes had a sophisticated and efficient optical system.
INTRODUCTION
The morphology and function of living insect compound eyes have been the subject of intense study during the past century (e.g. Exner 1891; Land & Nilsson 2002) . By contrast, principally because of the lack of soft-part preservation, the study of fossil eyes has been limited to descriptions of the morphology on trilobite eyes (e.g. Clarkson & Levi-Setti 1975; Gál et al. 2000; Clarkson et al. 2006) , the description of the eye of a crustacean ( Frö hlich et al. 1992 ) and a beetle larva (Duncan et al. 1998) , and there is one paper that describes some (minimal) internal structure of the fossil fly eye embedded in Baltic amber (Mierzejewski 1976 ) and function of the corneal surface of a fly (Parker et al. 1998) . The lack of specimens of wellpreserved fossilized eyes, where the cells and their positions can be well recognized, has limited the direct comparison between eyes of extinct organisms and those of living relatives, and has constrained the functional analysis of the visual system of fossil organisms.
Amber deposits are known to contain cellular nuclei and mitochondria in insect tissues (Poinar & Hess 1982; Grimaldi et al. 1994; Kohring 1998) , as well as chloroplasts with endoplasmic reticulum in plant tissues (Poinar et al. 1996; Koller et al. 2005) . It is presumed that such an impressive level of preservation in amber was due to a combination of rapid dehydration, protection from biological decay by entrapment and in situ polymerization of cuticular waxes and internal lipids during early diagenesis (Stankiewicz et al. 1998 ), but there is also possibility of fixation by low molecular weight volatiles in the fluid resin. Grimaldi & Engel (2005) have illustrated a complete red-coloured compound eye of the milichiid fly in Baltic amber (p. 58); they have also illustrated a swarm of male dolichopodid flies from Dominican amber (p. 530). The level of detail revealed in these studies indicates that fossil fly eyes in amber in general have the potential for internal soft-tissue preservation. The Mid Eocene (45 Ma) Yantarnyi deposit of the Kaliningrad district of Russia is famous for yielding exquisitely preserved insects and other arthropods and plants in resin-the Baltic amber ( Weitschat & Wichard 1998; Keyser & Weitschat 2005) . Here, we report the completely preserved visual system, including soft tissues, of a 'longlegged fly' (Dolichopodidae) from Baltic amber. We also discuss the functional and evolutionary significance of the fossilized eye.
MATERIAL AND METHODS
Two dolichopodid specimens, trapped together in Baltic amber, were studied (now deposited at the Campus Museum of Shizuoka University, nos SUM-CA0001 and SUM-CA0002). Both specimens retain reddish coloured compound eyes, along with other soft parts (figure 1a). One eye of one specimen (SUM-CA0001) was recovered by removing the surrounding amber matrix by levering (method of Mierzejewski 1976) and was coated in gold for study by scanning electron microscopy ( SEM; JSM-6100). In order to examine internal structure, an eye from the second specimen (SUM-CA0002) was fixed in 2 per cent glutaldehyde with 2 per cent formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) and was fixed overnight in the solution. The specimen was subsequently post-fixed in 2 per cent osmium tetroxide for approximately 2.5 hours, dehydrated through an ethanol series and embedded in Spurr's resin and polymerized. Thin sections were obtained using an ultramicrotome and then stained with uranyl acetate and lead citrate and examined in a transmission electron microscope ( TEM; Hitati H-7100).
To elucidate the optical ability of the Eocene fly eye, we selected one TEM of a cross section of an ommatidium showing the widest diameter and symmetrical outer and inner outlines, thus representing the plane of, or a plane extremely close to, the optical axis. In the resultant model, we used the application of refractive index data for the cuticular lens (1.50) and crystalline cone (1.34) of a recent insect eye (Bernhard et al. 1963; Miller 1979 ).
MORPHOLOGY OF THE EYE
The compound eye (specimens SUM-CA 0001 and SUM-CA 0002, both left and right eyes) showed a distinctive red colour within and when extracted from the amber (figure 1a). The ommatidia are hexagonally packed in the anterior portion of the eye (figure 1b), and the average diameter of each corneal lens is 15 mm. In cross section, the cornea reveals prominent biconvex lenses with a five-layered exocuticle approximately 0.8 mm thick and a massive procuticle approximately 6.8 mm in thickness (figure 1c). The highest fidelity of detail is in the grating structure of the eye (Parker et al. 1998) , which consists of a fingerprint-like pattern of ridges and sulci on each corneal lens surface (figure 1b). The ridges of the grating are approximately 80 nm high and have a periodicity of 200 nm (figure 1d ). Although irregular matrices fill the internal part of the eye, when the cuticular lenses and crystalline cones are removed, characteristic square mesh structures are apparent as the counterpart of the cones (figure 1e, f ). Neighbouring cones are isolated from each other by primary pigment cells (figure 1e, f ). The remains of primary pigment cells, filled with an electron-dense material and bound by an even more electron-dense membrane, enclose each fragmented crystalline cone (figure 1 f ). A rather irregular circular aperture (56 mm in diameter) opens at the base of the funnel-shaped pigment layer that consists of the neighbouring primary pigment cells, and is partly filled with photoreceptor fragments that extend deep into the holes (figure 1e). Observations using TEM indicate that the detailed morphology of the crystalline cone and the primary pigment cells is also preserved. Beneath each cone, there are four electron-dense nuclei of Semper cells surrounded by the pigment cells (figure 2a). The most conspicuous structure is the trapezoidal arrangement of photoreceptors, consisting of seven rhabdomeres (elliptical cross section 1-1.5 mm in diameter) that protrude towards the lumen in the ommatidium of each retinular cell ( figure 2a,b) . To calculate the focal length of the system (cuticular lensCcrystalline cone), the radii of curvature of both sides of the cuticular lens as shown in figure 1c were calculated based on the coordinate data of three homologous points on their outer surface, which were digitized along each surface profile on the computer image using a program written in VISUAL BASIC. The thickness of the cuticular lens was also measured on the image. As a result, we obtained the radii of curvatures of the outer lens surface (9.8 mm), the radii of curvatures of the inner lens surface (13.0 mm) and the thickness of the lens (8.2 mm). By using lens data, the refractive indices of the space in front of the cuticular lens (1.00), the cuticular lens (1.50) and the crystalline cone (1.34), together with the thick lens formula (e.g. see Stavenga 2003) , we calculated that the focal distance of the lens is fZ16.7 mm and that the distance between image focal point and the inner lens surface is 16.1 mm. The latter result indicates that diagenetical shrinkage of the fossil specimen (SUM-CA0002) has been negligible, because the distance between the vertex of the lens inner surface and the plane of the tip of the rhabdomere is approximately 13 mm.
THE MORPHOLOGICAL PROPERTY OF THE CORNEAL LENS
The dolichopodid fly had a typical dioptric apparatus, which consists of isolated ommatidia, short crystalline cones and trapezoidal arrangement of photoreceptors, as found in recent flies (Boschek 1971; Horridge et al. 1976) .
In order to estimate the brightness of the captured image on a rhabdomere, an F-number was calculated: FZf/D, where f represents the focal length (16.1 mm) and D is the diameter of a lens (15 mm). The F-number of the fossil dolichopodid fly eye FZ1.1 is slightly smaller than the FZ1.25G0.13 derived for Drosophila, where the lens focal length is 20G2 mm and the lens diameter is 16 mm (Stavenga 2003) . The acceptance angle of a rhabdomere with diameter D r Z1 mm is Dr r ZD r /fZ3.48, slightly larger that the corresponding value for Drosophila (2.9G0.38, Stavenga 2003) . The smaller lens of the fossil dolichopodid eye may be related to the presence of the grating in the front surface of the facet lens (Parker et al. 1998) , which seems to be developed in strongly curved small corneal lenses (Meyer-Rochow & Stringer 1971) . To conclude, the unique structure (the small diameter of corneal lens in combination with the fly eye grating) of the fossil fly eye probably represents a compromise between function and structural/genetic constraints.
EVOLUTIONARY SIGNIFICANCE OF THE FOSSIL FLY EYE
Recent anatomical studies have shown that most insects possess a fused rhabdom, a structure in which the rhabdomeres of the usually nine photoreceptor cells of each ommatidium form a single optical waveguide. However, some diurnal extant flies, earwigs and water bugs have an open rhabdom with seven separate small rhabdomeres in one ommatidium (Osorio 2007) . The fly rhabdom consists of eight rhabdomeres with six long, peripheral rhabdomeres (R1-6) and two short, central rhabdomeres (R7 and R8); the latter are positioned in tandem, thus creating one functional optical waveguide ( figure 2a,b) . The present-day flies have evolved for the last 200 Ma (Grimaldi & Engel 2005, p. 514 Modern Diptera (flies and mosquitoes) typically possess a so-called 'neural superposition eye' visual system, where the axons of the rhabdomeres from six neighbouring ommatidia converges onto a single cartridge in the lamina, the optical ganglion proximal to the retina, so that seven ommatidia simultaneously capture light from the same region in space, without loss of resolution (Kirschfeld 1967; Land & Nilsson 2002) . The Eocene fly eye was not sufficiently preserved to provide any information on the neural wiring. However, it possesses long rhabdomeres (figure 2d ), identical to those found in extant neural superposition eyes. In addition, this Eocene fly eye has a trapezoidal arrangement of the rhabdomeres ( figure 2a,b) , found only in the advanced brachyceran flies ( Nilsson & Ro 1994) . Zeil (1979 Zeil ( , 1983 discovered symmetrically arranged open rhabdomeres in the nematoceran fly (Bibionidae). The nematoceran fly is considered to be more ancient than brachyceran (dolichopodid) fly, suggesting that the trapezoidal arrangement of rhabdomeres found in the dolichopodid fly is an apomorphic character.
The number and arrangement of each cell in an ommatidium of the fossil fly eye strictly corresponds to that of the present-day fly (Stavenga 1975) . Many recent studies of eye evolution use present-day species to predict occurrences in geological time, but these must assume uniformity. The evidence demonstrated herein based on the Baltic amber fossil fly indicates that the cellular structure of the fly eye did exist 45 Ma, and supports previous claims on the conservation of the cellular organization of the eye (Meinertzhagen 1991; Osorio & Bacon 1994) . Moreover, this study extends prior studies on cellular preservation in amber, by revealing a fidelity of delicate ultrastructural arrays in sensory cells that allow reconstruction of their function.
Phylogenetic studies of living species suggest that the open rhabdom has evolved independently in at least four insect groups (Osorio 2007) , and the separation of the rhabdomeres is known to be affected by three genes mediated by a protein called Spacemaker (Spam) in Drosophila (Zelhof et al. 2006) . It therefore follows that the Spam gene must have been present for at least 45 Ma.
